Abstract. Few studies have demonstrated plasticity of egg size within the confines of an egg size-number trade-off in response to trophic conditions in fishes. Moreover, the physiological mechanisms that govern this plasticity are not known. Growth differentiation factor 9 (Gdf9) and bone morphogenetic factor 15 (Bmp15) are oocyte-specific factors implicated in follicular growth and ovulation in mammals. In order to investigate whether expression levels of these genes were correlated with ration-dependent changes in fecundity in fish, zebrafish (Danio rerio) were subjected to four different feeding regimens. Counts of spawned eggs or vitellogenic follicles were used to estimate fecundity, whereas quantitative polymerase chain reaction analyses were performed to determine Gdf9 and Bmp15 mRNA levels in response to changes in ration size. Both relative fecundity and gonadosomatic index increased significantly with increased ration size, whereas egg size and hatching rate decreased significantly. No significant differences in Gdf9 or Bmp15 transcript abundance were evident between feeding regimens, suggesting that these growth factors do not govern fecundity in fish. However, favourable trophic conditions markedly affected follicle or egg size and number, with important implications for downstream egg quality and survival.
Introduction
To reproduce, female oviparous vertebrates must overcome an 'evolutionary trade-off' between producing either a few large eggs that render high fitness to the offspring or a greater number of smaller eggs. This trade-off reflects the finite amount of energy that can be allocated to reproduction and the limited space within the body cavity for gonad growth; thus, if egg size increases, then egg number must decrease and vice versa.
Recent studies have shown that highly fecund species have the ability to alter their reproductive effort in response to fluctuations in food availability. The swallowtail butterfly lays a larger clutch of eggs on younger plants with more edible foliage (Pilson and Rausher 1988) and crickets (Carrière and Roff 1995; Simmons and García-González 2007) and beetles (Czesak and Fox 2003) have greater batch fecundity in nutrientrich environments. Recent research on the Atlantic salmon (Einum and Fleming 2000) has revealed similar trends in fish. However, the different reproductive strategies used by various fish species make it difficult to derive general principles across the taxon; indeed, the Atlantic salmon is an anadromous teleost and a synchronous, semelparous spawner, which is not a common life history among fish. Therefore, data on other species with differing reproductive strategies are needed.
Although the effects of feed intake on fecundity in fish have been well documented, it is not clear how this is achieved mechanistically. Is the 'fecundity gene' Fec, which has been implicated in affecting ovulation quota in some mammals (Juengel et al. 2004; Moore et al. 2004) , of importance in fish also? Fec genes, which include several members of the transforming growth factor-b superfamily, namely growth differentiation factor-9 (Gdf9) and bone morphogenetic protein-15 (Bmp15), and one of its receptors (BMP-1R) have been identified as single genes with major effects, originally in sheep (McPherron and Lee 1993; Dube et al. 1998; Laitinen et al. 1998 ), but later also in humans (Palmer et al. 2006) . Mutations in these genes or immunisation against the secreted peptides lead to reduced bioavailability of Gdf9 or Bmp15 and to increased sensitivity (Juengel et al. 2004) to FSH, thus explaining increased fecundity (Moore et al. 2004) . By comparison, the complete absence of Gdf9 and/or Bmp15 typically results in infertility (Laissue et al. 2006) . Although operational in sheep and human, and possibly in cattle (Juengel et al. 2009) , polymorphisms in these genes have not been related to increased fecundity in polyovulatory species such as pigs (Zhang et al. 2008) . Can expression of the genes encoding Gdf9 and Bmp15, recently identified as important growth factors involved in the gonadotrophin-independent stage of folliculogenesis in zebrafish (Clelland et al. 2006; Liu and Ge 2007) , be regulated by feed intake to explain rationdependent effects on fecundity?
To address this question, the effects of ration size on fecundity of an asynchronous, batch-spawning species, namely the zebrafish (Danio rerio), were determined in the present study. We also investigated whether food intake affects Gdf9 and Bmp15 transcript abundance, leading to a possible underlying mechanism for changes in fecundity. It was hypothesised that fecundity would increase, and that Gdf9 and Bmp15 mRNA levels would decrease, with increased ration size.
Materials and methods

Zebrafish husbandry
Young zebrafish (,0.5 g) were purchased from a local pet shop and housed in mixed-sex groups in static tanks (,20 L each) with airlift-driven filtration at 258C on ambient Dunedin photoperiod (autumn and spring). Experiments were conducted in accordance with the guidelines of the University of Otago Animal Ethics Committee (AEC 20/08).
Experimental design
Experiment I: pilot study
Sixty zebrafish were weighed collectively to establish an approximate weight for each individual and randomly divided between six tanks to yield three treatments with two replicates for each treatment group. After acclimation for 5 days, each group was fed to satiation ('satiation feed') with commercial trout starter (Reliance Stock Foods, Dunedin, New Zealand) to determine the amount that the highest feeding regimen would receive twice daily. This amount was halved to establish the amount the middle ration group would receive and halved again to determine the amount the lowest ration regimen would receive; the high, middle and low rations corresponded to approximately 5%, 2.5% and 1.25% of bodyweight, respectively. The experiment lasted for 28 days and dissections were performed as described below.
Experiment II
Zebrafish (n ¼ 144) were randomly divided between 16 tanks to yield four treatments with four replicates in each treatment group. After acclimation, feeding regimens were established on the basis of satiation feeding, as described above, and corresponded to approximately 5.33%, 2.67%, 1.34% and 0.67% of bodyweight. After 28 days, the fish were killed and dissected as described below. The robustness and repeatability of the findings from this experiment were confirmed in a third, smallerscale experiment (Experiment III).
Zebrafish dissections
Fish were killed (0.3 g L 21 benzocaine) and weighed (AE 0.01 g) and total length (AE 1 mm) was measured. The body cavity was opened and fish were sexed by eye. After excising the ovaries, total ovary weight was determined and used to calculate the gonadosomatic index (GSI ¼ ovary weight Â 100/bodyweight). In Experiments I and III, whole ovaries were submerged in 70% ethanol until required for vitellogenic follicle counts. In Experiment II, the ovarian sacs were separated; one part was weighed and submerged in 70% ethanol as above, whereas the remaining ovarian tissue for the first three fish in each tank was placed into 2 mL zebrafish Ringer (116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl 2 , 5 mM HEPES, pH 7.2, 1 g L 21 glucose) containing collagenase (1 mg mL 21 ; Sigma, St Louis, MO, USA) and then placed on an orbital shaker at 200 r.p.m. for 3 h at room temperature. After digestion, the digest was sieved through 250-mm mesh and the follicles that passed through the mesh were collected for quantitative polymerase chain reaction (qPCR) analysis to estimate mRNA levels of Gdf9 and Bmp15; a recent study identified the expression of these genes to be highest in follicles o250 mm in diameter (Liu and Ge 2007) . All samples were stored at 2808C until required for RNA extraction.
Vitellogenic follicle counts
Follicles with a diameter 4250 mm were assumed to be vitellogenic and were counted. Counts were used as a proxy to calculate relative fecundity (no. eggs/bodyweight).
Cloning of zebrafish Gdf9, Bmp15 and ELF
RNA was extracted using TRIzol (Invitrogen, Auckland, New Zealand) according to the manufacturer's instructions and cDNA was obtained using Transcriptor reverse transcriptase (Roche, Mannheim, Germany) as directed by the manufacturer. PCR (32 cycles of 948C for 15 s, 598C for 15 s and 728C for 1 min, with a final extension at 728C for 3 min) was performed to obtain an amplicon to be cloned for use as a standard in qPCR. Individual PCR products were excised from the agarose gel using a MinElute Gel Extraction Kit (Qiagen, Hilden, Germany) and ligated into pGEM-T Easy vector (Promega, Madison, WI, USA) according to the manufacturers' instructions. Transformation of Escherichia coli (XL-1 Blue), plating onto ampicillincontaining Laura Broth plates and colony blue/white screening were performed essentially as described by Ausubel et al. (1995) . Plasmids were then purified using a QIAprep Spin Miniprep Kit (Qiagen) and sequenced at the Allan Wilson Centre (Massey University, Palmerston North, New Zealand). Returned sequences were analysed using a nucleotide Mega BLAST similarity search of the NCBI database (http://blast. ncbi.nlm.nih.gov/Blast.cgi, accessed April 2008).
Quantitative PCR
All reactions were performed on an MX-3000P quantitative PCR machine (Stratagene, Agilent Technologies, Santa Clara, CA, USA). Samples (3 mL, 20 ng mL
21
) were run in duplicate using SYBR Green Express q-PCR supermix (Invitrogen, Auckland, New Zealand). Annealing was performed for 15 s at 628C for all primers (see Table 1 ) and 40 cycles of amplification were completed. In addition to the cDNA samples to be analysed, two no-template controls and seven duplicate standards (3.33-0.33 pg mL
) were added to each 96-well qPCR sample plate. All samples for each target gene could be run on one plate, such that interassay variability was not applicable. Samples were also run against elongation factor-1a (ELF) for use as a housekeeping gene. Stratagene qPCR software was used to transform critical threshold data to concentrations. Efficiencies of amplification ranged from 97.0% to 101.3% for the different gene targets.
Spawning Experiment IV
Zebrafish (n ¼ 26) were randomly divided between two tanks. After 1 week acclimation, the high feeding regimen was established by a satiation feed; the low regimen group received 40% of the feed given to the high regimen group. Fish were kept at 288C on a 14-h light : 10-h dark photocycle. During the late afternoon, females with bulging abdomens were placed into individual spawning tanks with two males from the high regimen group and left overnight. Spawned eggs were collected the following morning shortly after lights came on and were counted and photographed. Eggs were incubated at 288C and hatching rate was recorded. The diameter of the yolk from at least 20 eggs from each batch was measured using specialised computer software (ImageJ, 1.41o; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
To identify differences in GSI and relative fecundity for Experiments I-III, nested ANOVAs were performed, nesting tank within feeding regimen. The GSI was plotted against relative fecundity for each of the feeding regimens and covariance analysis (ANCOVA) was performed. Levels of mRNA encoding Gdf9, Bmp15 and ELF, as determined in Experiment II, were calculated in pg mg 21 RNA. One-way ANOVA was performed on ELF to check its suitability as a housekeeping gene. The abundance of Gdf9 and Bmp15 transcripts was then normalised against the abundance of the ELF transcript. Differences in Gdf9 and Bmp15 transcript abundance between feeding regimens were identified using two-way ANOVA. Differences in diameter and hatching rate for Experiment IV were identified using one-way ANOVA.
Results
Experiments I-III
There was a positive relationship between ration size and reproductive investment, represented by GSI, in all three experiments (Experiment I: (Fig. 1a) . There was also a positive relationship between ration size and relative fecundity in Analysis with ANCOVA revealed a positive relationship between GSI and relative fecundity (Fig. 2a) , whereas the slopes of the regression lines did not differ between feeding regimens (F 3,56 ¼ 0.508; P 4 0.05); an increase in GSI was therefore associated with a similar increase in relative fecundity across all four feeding regimens. However, intercepts differed significantly between regimens (F 3,59 ¼ 6.026; P o 0.001); thus, at a given GSI (e.g. 15% in Fig. 2a) , fish fed at 5.33% of bodyweight had approximately 80, 180 and 250 more vitellogenic follicles per 1000 mg live weight than did fish fed at 2.67%, 1.34% and 0.67% of bodyweight, respectively. There were similar nonsignificant differences in the slopes of the lines (F 3,56 ¼ 1.963; P 4 0.05) when body length was plotted against relative fecundity (Fig. 2b) . Again, intercepts differed significantly between treatments (F 3,59 ¼ 6.185; P o 0.001), yielding comparable differences in the number of vitellogenic follicles to those presented in Fig. 2a .
There was no significant effect of ration size on the relative abundance of the Gdf9 transcript (F 3,12 ¼ 0.345; P 4 0.05; Fig. 3a) or the Bmp15 transcript (F 3,12 ¼ 0.391; P 4 0.05; Fig. 3b ). However, there was a significant positive relationship between relative Gdf9 transcript abundance and relative Bmp15 transcript abundance (F 1,15 ¼ 214.08; P o 0.001; R 2 ¼ 0.94; Fig. 4 ).
Experiment IV
Fish fed the low ration had a significantly larger diameter of yolk mass in spawned eggs than fish fed high food rations (F 1,12 ¼ 33.164; P o 0.001; Fig. 5a ). Similarly, hatching rates were significantly reduced in zebrafish fed the high feeding regimen (F 1,12 ¼ 6.191; P o 0.05; Fig. 5b) . A significant correlation (P o 0.05) was evident between yolk mass diameter and hatching rate; indeed, yolk mass diameter predicted 71% of the variability in hatching rates (Fig. 6 ).
Discussion
The aims of the present study were to investigate the effects of ration size on fecundity in fish and to evaluate the likely involvement of Gdf9 and Bmp15, orthologues of the 'fecundity gene' Fec, in fecundity regulation. The results provide overwhelming evidence that fecundity is affected by food intake and that this effect is probably not mediated by either Gdf9 or Bmp15. Although increased reproductive investment (e.g. GSI) with increased feed intake is common in numerous species, the increase in relative fecundity is, to our knowledge, the first to be reported in an asynchronous, batch-spawning species.
The results of the present study confirm the hypothesis that GSI and the relative fecundity of zebrafish increase with increased ration size. This increase in fecundity with increased food availability has been shown in numerous fish species, such as plaice (Pleuronectes platessa; Simpson 1951), brown trout (Salmo trutta; Bagenal 1969), winter flounder (Pseudopleuronectes americanus; Tyler and Dunn 1976) , haddock (Melanogrammus aeglefinus; Hislop et al. 1978) , rainbow trout (Oncorhynchus mykiss; Bromage et al. 1990 ), Atlantic herring (C. harengus; Ma et al. 1998) , Atlantic cod (Gadus morhua; Lambert and Dutil 2000) and turbot (Scophthalmus maximus; Bromley et al. 2000) . However, these increases in fecundity have largely been explained by increased food intake leading to larger fish that have an exponentially greater fecundity (Ramsay and Witthames 1996) . The results of the present study show that this is not the case in zebrafish. A zebrafish from a lowerrationed regimen that has the same GSI (Fig. 2a) or the same body length (Fig. 2b) as a zebrafish from a high ration regimen has a significantly lower relative fecundity. Thus, we can infer that, in the case of zebrafish, longer, heavier fish do not necessarily have a greater absolute fecundity than smaller, lighter fish.
When zebrafish were standardised for weight, egg numbers increased with increased food intake (Fig. 1) . The repeatable nature of these findings is evident from all four experiments conducted. This indicates that female zebrafish opt to produce more smaller-sized eggs when food is readily available and fewer larger eggs when food is scarce. These smaller eggs are of inferior quality, given reduced hatching rates (cf. Fig. 6 ). Moreover, studies have shown that smaller eggs give rise to smaller larvae with a reduced chance of survival because of competition with their larger counterparts (Miller et al. 1988; Elgar 1990; Hutchings 1991; Einum and Fleming 1999) . Therefore, on the surface, it appears that the well-fed zebrafish ('favourable environmental conditions') were reducing their offspring's chance of survival while, at the same time, increasing the potential number of offspring. Smith and Fretwell (1974) proposed the evolution of an optimal egg size that maximises maternal fitness in highly fecund organisms. Accordingly, females can increase their reproductive fitness by increasing egg numbers and concomitantly reducing the investment in each egg. Under favourable conditions, this reduced investment may not actually reduce offspring survival because resources are provided by the environment. This model has been well documented in insects, such as in the swallowtail butterfly (Pilson and Rausher 1988) , crickets (Carrière and Roff 1995; Simmons and García-González 2007) and beetles (Czesak and Fox 2003) , but the present study, along with a similar study on Atlantic salmon (Einum and Fleming 2000) , is one of only a handful to provide substantial support for the model of Smith and Fretwell (1974) in vertebrate species. Another similar theory is that of bet hedging, whereby individuals in an unpredictable and stochastic environment make strategic choices in order to optimise their fitness (Seger and Brockmann 1987) . It is possible that zebrafish use a bethedging strategy similar to that outlined by Olofsson et al. (2009) , whereby individual females will experience a lot of variation in reproductive output (and, hence, fitness) both within and between years depending on environmental conditions (in this case, food availability).
The present study also investigated whether Gdf9 and Bmp15 transcript abundance was affected by ration size and is the first to examine such effects in any vertebrate species. The results did not reveal any significant differences in Gdf9 or Bmp15 transcript abundance between feeding regimens, nor was a trend evident (Fig. 3) . A recent study by Lokman et al. (2010) found similar non-significant changes in Gdf9 mRNA expression following treatment of eels (Anguilla australis) with growth hormone. However, the present study identified a strong relationship between Gdf9 and Bmp15 expression (Fig. 4) . Regardless, it appears that ration size has no effect on the transcript abundance of Gdf9 or Bmp15 and, thus, that Gdf9 and/or Bmp15 are not involved in mediating the egg size versus number trade-off.
The mechanisms underlying this egg size versus number trade-off remain unknown. One possibility is atresia. Ma et al. (1998) found that the percentage of atretic ovarian follicles in low-rationed Atlantic herring (Clupea harengus) was twice that of fish fed on a normal ration, suggesting that low-rationed fish obtain energy by resorbing vitellogenic oocytes to provide for the normal development of the remaining oocytes. These findings are in accordance with other studies in fish, such as the rainbow trout (Tyler et al. 1996) and Atlantic cod (Kjesbu et al. 1991) , that have shown a progressive increase in atresia as food rations decrease below an optimal level, as well as observational studies comparing body condition to the number of atretic follicles present (Rideout et al. 2000; Kurita et al. 2003) . Furthermore, when Luckenbach et al. (2008) preformed unilateral ovariectomies (ULO; the removal of one ovary) in coho salmon, they found that the proportion of atretic follicles observed in the ovary was reduced by more than twofold in ULO fish compared with controls, suggesting that reduced follicular atresia is one mechanism by which recovery of GSI occurs following ULO. These results demonstrate that compensatory ovarian growth following ULO in coho salmon occurs through both hypertrophy of existing vitellogenic follicles and a reduction in atresia.
Although the molecular mechanisms behind the egg size versus egg number trade-off in fish remain obscure, the present study has made significant methodological advances that should contribute to unravelling these mechanisms in future; indeed, we have shown convincingly that decisions related to egg size can be easily predicted at the time that ovarian follicles are vitellogenic (i.e. well in advance of spawning). Thus, vitellogenic ovarian follicles appear to be a worthy proxy of ration-dependent egg size at spawning. Accordingly, time-consuming and unpredictable spawning events need not be awaited but, rather, can be substituted by studying gametogenic stages, when actual decisions on egg size, and, by inference, fecundity, are made.
In conclusion, the present study has demonstrated an increase in relative fecundity with an increase in food availability for the first time in an asynchronous, batch-spawning fish species. It also examined the effect of food rations on Gdf9 and Bmp15 expression for the first time in any vertebrate species, although no significant effect was observed. The non-additive effects of food abundance and egg size on offspring survival, coupled with the maternal trade-off between offspring size and number, result in different optimal egg sizes for environments that differ in food abundance.
